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j . Abstract

All c:~peri)l~mlta]  ill)l)l(’ll)el)tatiol)  of a I)alIoII)ot(~I
I(Iv(JI  ol)iical })atlIlcllgtlI  colItrol  for larg(:  I)asclilic
sl)ace int,orferolnct]y  i s  prcIscIIItcIcl, ‘1’lIc ])athlcIIIgtlI
coll)l)(?lls;ltic)ll  systmn is ilistall(xl  r311 a large flcxil)k
cxlwrilln(’ntal  truss, tlIus structural lnotiolls ~)lay a
(Iolnillallt  Iolc in tlIc con t ro l  systcm dcsigll. ‘1’11(’
assocjat(d  collt)ro]  structure interaction) prc)lrlmn  is
addrcssd to lnai]ltaill the o~)tical  lmthlellgtll  witllill
t,llc  pmwrild  wrriaticm of 10-15 IIallolnetcr  rltls.  11~’
a Suc((’ssful  l)lelld  of’ a Structul”al  Colltro]  for dal)l])-
iIIg aup,ll~elltatioll  and i] direct  IJatjhlcllf,  tll Colltl”ol  fol’
tllc ImtllleJig;th  cc)llll)c)llsatjoll, the cq)tical  pathlcll~,tll
variatioli  lias been I]lailltailld  w i t h i n  6 IIanoInct(II
rIIIS under  tile lal)oratory  allll~iclll  disturl)allcc  and
w’itllill  9 IIaIIOIIICItCr  III)S under  a severe ford rcso
IIallt disturl~allcc.

p, IIltroclllr’t’ioll

‘1’lle  next  p;mleratio]l  space bad astrollomica]  nlis
siolls  will rquirc  lar,gc base’lillc optical illterfcro~lh
(’try for llighcr a n g u l a r  resolution  allcl sel~sitivity.
l’ig,uro 1.  s]Iows oIIr7  ])ossible colltlguration  ill  wllicll

all-y two of the six c.ol]mtors  forlns a large baselillr
illtc’lf(:lc)lllc’tc’r. ‘1’}lc!aslrollomic  accuracyofsucll  ill-
tcrfcrolnctm i]nprovm  wi th  larger  basclillc. 170)  tlIc
illtcrfcrolnctcr  to perform its mission successfully,
tllc variations ill the length  of thepaths  travele(i hy
l i g h t  through  the pair  ofcollcwtors  to tllc dekctol
lIIUSL be no ]norc tha]l 15 llanollldcr  rms  [1 ] .  A]]
additional requiremmlt  is to maintain  the wavcfrolit
tilt of tllc traveli]lg  li~;ht  witlli]l few lnicro-radial15
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lh~cl,l~,er  ‘]k.c]l]lica]  stall’,  (;~lidancc  and {~O[i~tO]  sC’CtiOll

tr])li~  ~,al,cr  is ~~~]ar~~  a work o f  tile US (+overnnlrmt and
i s  IIc)t  sul>jcct to co]yright  ])rolcction  ill the U]lituf States.

IIns [1]$ ‘1’IICI  colnplcxity  of achicvillp,  aIId lnailltailk-
illg these stringent rwluirmllc]lts increases  as collcJc-
tors arc II)oulltcd C)II largcflcxil)]c  structures. Also a
lollg;er  lmclinc usually Inc’ails a IIIOrC flexible llloullt-
illg s t ruc tu re  that lcsu]ts  ill a II IOre severe ilitcrac-
tjml  htwml the structure  alid tllc’fcc(l}jackcc)llt]ol
systmn for I)atlllellf,tll  c.c)lll~)c>llsatic)ll, A s  a rmlt,
(.~orltrol StrLlctllre  llltclactic)rl  (CSI) hccotncsall iln-
l)orta~lt  jssuc itl,dcsigllitlq;  ally coln~~c:]lsal,or for t,hc
ol)tical  ~)atlllellgth  co]ltrol.

111 all expcrimmlt  pcwformcd  l~y 0’Nclal and
S~)aIIos[2] at the Jet  l’ropulsio~]  l,ahoratory  (,]1)1, ),
ilic optical pathlellg;th  was cfi’ertive]y  colltrolld  to
3 llallc)~llctcr(rll~s). ‘1’}lcc’xl)clilllc’llt  USN] alI optical
collfigurat,  ion that isolated structural  lilotion froln
tllc optical path. ‘1’he  target mirror  ill tllc collfig-
ul ation was placd  0]1 a rigid fral I\c wllic}l  was UII -
real ist ic .  for all actual sJ)acc lnissio]l.  III a scl)arate
(~ximrinlcnt  by the authors [3,.4], tlI(I talg(’t IIlirror
was l)lacc(l  o n  the fl(>xib!c  testb(’(1 aloll~ wit)l tllc
coln]wllsatioll system. ‘J’lIey  obs(Ivc(l a  larg(I cou-
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plil;g of strut.tura] lmc)tioll  to the optical pathlmgth
alId were ab]c’ to coIItrol  the optical pathlcl@h  to
a}q)roxilnatc]y 5 IIalmncter  rlns, III the setup,  t h e
target mirror  and the actuators of  t}le pathlmig;th
colll]x’l~satioll  systcm were placccl  in such a way that
it ef~c.ctivc.ly  forlncd a co-located SCNISOY and act ua -
tor  systcll). All the structural modes wc.rc illtmct-
illg  stably  with a lead type  control as ex])cctecl  of
ally ‘co-located  syslmn. IIowcvcr few local IIlodm at
IIighm frequencies caused loss of the co-location atld
limited the! bandwidth of the colltro]  loops.

Wc present  results  of  a  pathlellgth  mltrol cxpc’r-
i]n~]lt  OII t}le pliase II tcstbccl with a new optical
sctu])  (opi,ioll  2 O~)tiCs)  wl~ic.11  c.ouplm  Ilollcolocatc(l
s tructural  motions ill t,llc optical pat]). ‘J’bc sell -
sor (t]Ic target mirror) and the actuators arc placed
in a. :L)ollcolocatml  fashion and tllc travcdlillg  light is
bouncing  ofl” froln two flexible  booms at the top c>f
the tcstbed, l]] this setup,  the dircc.t  opt ical  path-
lengt]l  c.o]ltro]  alollc is IIot suflicicmt  to  acllievc  tllc
mquircd  }mforlnanco  level  of tllc pathlcwgt}l  varia-
tion due to the fact tIlat the domiliallt  presclic.e  of
the ligllt]y  dalnpcd  noncolocatmd  structural lllodcs at
low frcqucvlcics  (well within the desired optical colI-
trollcr  banclwidth)  scwcmly lilnits  the baudwidth  of
the cxmtrollcr,  IJampil]g  ofselectcd  structural ~norics
is clll)anccd by im])lclncmting  a structura]  con t ro l
layer whicli mlables a liigh  bandwidth cc)lltroller  fol
the direct patlllellgtll  c.oni~)cmsatioll,  ‘1’lic  colltrollcl
Inaintailis  tl]c pathlcl@h  variation within  6 nauolnc-
tcrs  rtns wlim] only tllc l abora to ry  alnbicmt  distur-
bance  is ~]rmellt and within 9 nanolneters  r~ns whc]i
a forced monant  disturbance is induced.

3. .J 1’1/ 1’:}1 asc~~.:~:cstb~d

‘1’0 address the control  structure interaction (CS1)
issue assc]c.iatcd  with the! optical pa.thlength  col I-

trol,  tlic J e t  }’ropulsicl~l  l,ahoratory IIas clevcloped
a  ground  t.cstlml  facil’ity k~low~l as the J1’1, ]’]las(~
11 tmtbcd  (figure 2). .A detailed description of the
tmtbcd  is available in refcvmtcc  [5]. q’hc t,estbcd is
an cig”ht foot tall truss structure cantilevered at tile
base and equipped with an optical motiou  conlpe]l-
sation  systmn.

‘J1hc optical clcmm)t on the testbed represents a
delay Iillc for optical pathlmlgth  compensation for
a. stellar il[tcrfcrometer  telescope. ‘1’he direct path-
lmgth control  (also known as optical delay line colI-
trol) v’ith lasw trace to si)nulatc  star light is showII
ill figure 2. ‘l’he delay line is equipped with a pri-
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1+ ’igure  2: J]’],  l’hasc 11 ‘J’cstbcd  with optical delay-
li~lc and optio]l  2 c)])tics. laser silllulates starlig}lt

Inary parabolic Inir[or  and a secondary p]anc lilir-
ror ])laccd  at the focal point of tile ])rimary  lnirror.
‘1’hc  whole mirror setup is rigidly mi-caged ill an alu-
Illilluln  trolley suspmldcd fro]ll tlIe structure with
soft flcxurcs. ‘J’lic secondary IIiirror is drivcll  relative
to the trolley by a baJalIc.wl 1’7,’1’ (I)imoc]cctric)  ac-
tuator for filtc pathlengt]l  a.cljustlnellt  and tile WIIOIC
trolley is drivel) by a. voice mi] actuator for coarse
]mthlcllgth  colrl])cllsatioli, ‘1’lle o])tical  behavior of
tllc setup is ~llore like a re.trorcflcctor  with a cal)a-
bility of providing coarse (lnilli~neter) to very fiat
(Ilanolnetcr)  pathlmgth  colnl~cllsatio]l  over a  wide
frequency bandwidth. Sillcc  the delay line compc]l-
satioll sYstcln  and the target  rctrorcflcc.tor  are ill-
sta]lcd (figure ~) on the truss boollls  along X ancl
Y direct ions rcspcctive]y,  the lnot,ioa c)f the latter
I)oo]n  causes the loss of act uator-sclllsc)r  co-location.
We call  this optical setup  as opticm 2 o])tics oli l’llasc
11 tmtbed Structure,

II] the pathlmgth  colnpwlsatiolt  systclli,  ]{etroreftec.-
tor  and Plane  Mirror IIlterfcrolnet]y  arc colnbincd
such that the optical alignment is lnaintaincd  utlder
tra?lslational  aud rotational lnotio~ls. ‘1’his optical
configuration, as compared to retroreflcctor  illtc’rfcr-
olnctry  or plane mirror iuterferomctry,  is 1(’ss likely
to lose its alignment due to the structural vibration.
‘1’he  laser beam passes eight ti~llm through the trol-



l’ig;urc 3: Active a~ld IJassivc  dam~)ms elllbcddcd  il~to
J]’],  l’lIas(I 11 ‘J’estbcd

‘]’hc tcsthcd is also mnlmldccl with four passive llolL-
cywcll viscous dampers [12] and four pier,oclectric.
active  ltlell]l~c]s  for s t r u c t u r a l  colitrol to augincllt
nlodal dalt]pi]lg (figure 3). ‘J’he stiffness and tile
daln~)iillg;  cocf[icicllt  of the passive da Tnljcrs  arc fixwl
ic, CaII IIot, bc altered. IIowwvcr  these properties of
tlloacl.il’elllcl]llj(’ls  call  be tullcxl  through fewibacli
]oc)ps.  l:ortliis  s)ur})osc,  a forccscllsillgload  cell,  t o
ltlcasure  tllc forc~ exerted betwcwl  the active  Inw])-
L)c] a]ld tile relnaillcl~l of t,lle structure, and a relatilc
lmsii,jo]l sc)lsingcddy  currmlt  SCIISOI, to]ncasurc  t]lc
CIxtcllsiol)  o f  the  ]I]e]iilJcr/stI\lc.t~lre,  are prcscllt  ill
mcll active lnclnbor.  ‘J’llese active mclnbers  are hi~h
voltage l)iozoclcc.t,ric  stacks and arc drivcw by l~igl~
voltage Kalnan  ~)owcr anlplificme

l)u(I t o  tllc ]JJCSC]ICC  o f  light da]r]pi]lg  in tile truss
structure a]ld the IIollcolocation  oftllc o})tica] scIt, ul),
dcsig]l  o f  a rol)ust  hig]l  bandwidth  allcl IIigh all-
tllorityol}tical  ~)at}llcllgtll  colll~)cllsator  isilll})ossil~l(l
w i thou t  au~lncllting  structural clam~)illg.  ‘1’llc frc’-
qucltcy rcs}~clllsefllllctiol}s  (1~1{1~) c)f voice coil (VC)
t o  tllc laser l)atlilcngtli  valiation  arc show]l in fip,-
Urc 4. ‘1’llc  lP]{]’  with IIo s t ruc tu ra l  coILtrol  (it,
without daml)i~ig  allgjllcll  tatioll),  rc~)rcselltcfl  by tllc’

\’r’’’’’i’o”
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100’
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17if,urc:4:  Voice coil to optical patlllength  frcqucllcy
respoIiscI  function before and aftcrstructura]  colltro]

dasllcd  line, contains  a large ]Iulllber  of \’Cry lightly
dalIIJ)(Id Irlodes and sollleof  w’llich  arc Ilollcolocatcd$
It turllcxl  out that a IC)W bandwidth  a]ld lnoderatc
~,:)ill  \’oicc~c  c)ilcoIlll)cllsat(Jr,  tllatc. all bcdcsigllcd  for
tlIc ullda~lllwd  structure with rcasc)llal~lc  gai?~  a]ld
]JIIasc  lnal~il]s, is IIot adequate to ac.liieve tllc pm-
forllla~lcclcvc’1  that is, rcxluirmi fc)r lnailltainil!g  the
ol)tica] ~)atllle]lgtll  valiatio]l to less than 15 llallolnc-
t(’r 1’11)s.

l’c)ur  passive dalnpcrs  slid foul active ]ncmbcrs  arc
dcq)loycd  tolllake  tllc’stl~lc.tLlr  eclllict  a]td tocvlhancc
tlle(lal[ll)illgc  )ft}lestl(lctll~al  IIlodcsspccially  in tile
ncit;}iborhood  of a n)odcratc]y  high cross-over fre-
quency of the voice coil corltrollcr. ‘1’IIcI  ]ocatiolls of
the active ant] passive n)eInlms  aro chosen to lrlax-
ilnim the energy dissipation of the specific set of
lIIodm u s i n g  tllc IIlaxilnum  strain  eIIergy critc’rioll
[6]. Sill,l,lc co-locate{l ilitcgralf  oIccfce clback(ll`  l')
loo}) s(describccl  below) [7] arc closed arou~ld  t]lcac.-
tivc ll~c~lllberstoacllievc tliciln~)cdallce  (dcfi]lcd  by
tllc’ ratio of velocity to forcc) lnatcll [a,~]for all o])-
tilllultl  datl~l)ing  ~wrforlnallc~, h40dcs  al I}igllcr  frc’-
quc>llcicw arc targeted by the active  lnolnbers Imausc
of their tullabilityo  ‘1’llc l’}{1’of  voict,  coil tc) t}l~  ]aSCI

l)titl)lc’llg;th  for thcdalrl~)cd  structure (figuw 4) and
tllc’{listlIlballc  etrallslllissi(~ll  fu~lctioll  (fip;[llc:h)flc~lll
a disturbance slla.kc!r  input  to t}ie laser l)at]l]ellp;t]l
~]lcll~, a sigllifica]~t  ~~l]lallC(’JllCllt  of da)nllillg for vali-

01]s structural moclcsforu~)  to 100 IIz. ‘1’llr dallll)illg
ill tllc’ lnajor  modes }Ias I)ec]l illcrcasml  to al)o~’c  5%
of the critical daIlll)i~lg  frolll  frac{iol)s  of a l)crccllt
ill tllc ulldalllped  strut.tule.

‘~’hc coILcept  bchilld Iliatchillg ilnl)wlallcc o f  aII ac-
tive ll~clntmr to that of t}lc s t ruc tu re  i s  I)asml  olI
ilicr~asillg  daln~)ing fol maxilnum  vil)ratiotla] l)ow’er
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l’i~un:’ 5: IIisturbance  attclluatioll  l)y Stru(li]rill
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dissipatiolt. It CaII bc shown that ill order to effect
a Il]aximu]n  r a t e  of cl Icrgy dissipatio]t l,llrough  Lllc
activt’ mcIIll)cIr,  the iln~)c’dallce  o f  the active mcI]b
tmr Sllc)ul(l  bc cqua] to the colnl)]ex c.olljuga.te  of ttlc

‘ (  ) at t,l,c intc:rfacc  ],oil]tstructu]a]  i]npcdallcc  X8*r s
bc’twmll  itself  and t,llc active  ]t)c1nbm[4].  Mectillg,
this condition  cxactty  01] flcxil)lc  s tructures is  ]Iot
]}rac.tical  for two NVMCU]S, ‘1’lle first reason is  Illat
lightly danlpml structures co]ltain sharl) rcsoliallccs
i)] their  illllwdallce  functions  that am higll]y  sensitive
to pmlurbatimls  ill structural characteristics SUCII  as
IIatural  frequmlcy. It is cxtrclncly  difficult to pre-
cisely  Inatch  tllcse rcsollallccm. ‘J’hc scIcoIId  rcasoll  is
that tllc coInl)lm C.olljugato  of t]lc iml)cdancc  of a
structure is a ]IolI  l)ositivc-rca] function  t)lat  ca]lllot
bc al)~~roxill)ated  over a broad frmjucncy range  with
stal)lc electrical circuits. Alt,crllativcly, if the active
]tlclnlwr’s  imlwdallcc  is made equal (matched) to tllc
slllootllcd avcrag~ iln})cxlallcc  o f  t,fle st,rljc(,ur~:,  :11]
oxcc’llent  dam~)ing  lwrformancr  is ac.hicvcd. III t h i s
cascI, lIOICS and zeros of the  colnbillat,ioll  arc IIIOVCYI
furttlcr  left ill the negative half of the coln})lm }Jlal](I
instead of l)us]litlg theln  towards ncgctivc  illfillity,

1+’igure 6 dcscribcs  a  colnl)lctc ilitcgral  force fo((l
hack cc~IItrol  systcm for cmhancillg  modal  dalnl)ill~,
by Inatchillg  impedance of an embcclded  active  IIIC]II-
l)cr to that c)f the s t r u c t u r e  at the ilitcrfacc.  ‘1’lIcI
area cl IcloscId by !IIC dashed line re~)mscnts all activ(~
III NIIber c]nl)cdded i]] t]le s t ruc tu re  wllcrc volta~o
V(s) (to drive the active  lnclnber)  is t]lc ill~)ut  a]t(l
relalivc  lmsitioll X (s) from eddy curmit seIIsor aIId
f o r c e  1’(s)  froln load ccl] arc tllc out])uts.  ZO(S) is
t}le o])cJII 100]) active lnc>lnbcr  ilnl)cdallcc whc]l  \folt -
agc V(s) is llcIld to a constant  bias value. It is os-

1
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l’igurw 6: Active dalrl~Jing  }ia llltcgral  11’orce ll’twl-
bark (lIJIJ)

se]ltially  a s~)ri])g  with stiff]lms  Ka aIId i]npedancc

Zo(s) = ~; . (1)
0

A(s) is the ratio c)f vclc,city  .~(s) to  a})pliccl  vo]tqy

l~(s) WlIeII form l’(s) is IIcld to mro  and is given by

A ( s )  = Ka,,,s, (2)

where A-a,,, is tllc active Inclnbcr  co]lstallt  and is r(j-
latcd  to tllc’ stifl”]lms  1( * by tile following rclatioll

(3)

whcm n is lilicarly prol)ortiollal  to t}le l)iczoclcctric,
charge c.ocffic.icnt  of t}le ]natcwial, IIu Inbcr of ])iwo-
clcctric  wafers stacked ill the mc~libcr and the volt-
agy alnpliflcr gain, Z,tr(s)  is tllc impeclallcp  of t]lc
structure without  tllc active JI]cIIIIK!r as it. aj)])ears
at tlIe illtcrface  point  of t}lc structure alId tlIc’ ]lic]n -

bvr. It is a fu]lction of tllc structural l)ro})crty  a]ld
tllc colltrollabi]ity  (or cquivalclltly  olmrvability)  at
tllc illtcrfidcc  point allcl contains  all tllc rtlodes t h a t
arc colltrc)llable/observable from tllc illtc’rfare.  ‘J’he
illte~;ral  force fccxlback  IOGI) is c]osed tllrouglt  block
A’,(s) which is a l)urc integrator ivitll  gain 1(,,

(4)

‘1’lic 1001) transmission from l)oillt 2 to l)oil]t  i is t]lc
ac t ive  Inclnt)cr’s  closed ]cmp illll)c’dallce  XC(.9) as it
al)l)cars to the s t r u c t u r e  and is dcpictw] ill fiKurc



. 6. h as\ active. IncInbcx,  velocity relates to applied
vcdtq;c,  IIIC]I]lXII’S OIJCII  100P stiff]icss and ilnIJoscd
form  by tllc followin?;  r(’latioll

●  ✍ ✍ � ✚❐✍✍✍  ✍ ☛✍✍✍✍☛

K, z’
Ka 1
nK, L ● “!

i(s) = v(s)]{ ~,,,.s  -{ J’(.s)zo(s), (5)

‘J’IIc velocity cxl)ression is a sup(~r])osjtjo Il of tlvo

WIlll)OIl(’lltS: tllc first compol)c’llt  is (lUC’  to a])plicd

volta$c V ( s )  and tlIe latter one is duc to iltll)oscd
for(’c 1“(s). 1“01’(’C  1“(s) dc!vclops du(!  t o  tllc fart
tliat, t’he  IIle]I~lJu  is rlnl)dded  into tbc stmcturc wit II
iln]wda]lce of Z, f.(s). 11’or IIltcgral 11’orcc l’cwdhack
(11’1’),, t]lc input  vo]ta,gc  t o  tlic active ]ncmber  has
the fo’llowillg  foI]n

v ( s )  = 1“(s):;’  . ((j)

Sulmtitutioll  of cquatio]l  6 i]lto cquatio]l 5 yields

i’(s) : F(S) J’-’J5-5  -{ J1(S)ZO(S)

=  I“(S)[I(”,,lA’l  i Zo(s)l. (i)

(8)

ltquatiolls  1 and 3 arc SUbStitUt  CYl into tlLc equation
above which yields

(9)

lkluation  9 shows that tile closccl  loop active IIlem-
bm, as it aj)pcars  to the structure, is equivalent 10
a smicw colnbillatiol~  (figure 7) of a damper a n d  a
spring  w i t h  da]]l])ing  coefiicic~lt  of J&, and sl)rili~,
stifl]lcss  of 1{0 rcspm.tivc]y. ‘J’hc problcm wit]l  this
configuration is that it posses no static. stiffness and
wi l l  accol]]lnodate  ulldcsirab]c  pmnanellt  dcforma -
tio]i.  IIowcver,  the stiirncss  o f  t h e  ~nemher  at and
near  11’~ call  easily be i m p r o v e d  b y  acldillg a 1st
order ]ligh pass filter to the compensator.  II) our
cxl)crimelit  a IIiglt pass filtc.r with (-3d}l) roll offal
1 llz  (WO = 6.28 rads/see) is provided for tllc load
CCII of cacll  ac. tivc ]nembcr. ‘1’hc resulti]lg  }ij(s)  is

a 1st odor low pass filter with pole at - L+). ‘1’llc
c lod loop act ive ]nclnlmr bcllavior  is lnodificxl  to
all elastically coupled danl~)cr as dc})icted  ill figulc
Sand t]lc final illll)cclal]ccisgi~’cll  by

(10)
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l’igurc 8: Active IIlclllt)cl  c losed 100{) ilnpcdallcc
with IIigh  })ass  filter

‘l’lie stiffliess  of tllc sl)rillg ~)arallel  to tile clalnlwr  is
~~:,~:. ‘1’his ]nodification is IIcccssary  t o  recover tllc
static  slla}w of tllc: structure under ]Ic)-load collditio]l
alId toa void saturatic)li of the integrator and t,l IQ ac-
tive ]I\clnbcr. l’i])ally,  all approxillnate  i]n])dalLce
nlatch  is obtai]ld  by adjust  i]ip, tlIc value of A’ l.
Also,  O]lC has the o])tio]l  of ]nodifyi~lg  tllc value’ of
LOO to iln~)rove the Inatch,

‘J’]lc  qucstioli  arises of how tllc J)rescIIcc of o)lc or
lilulti~)le  CIOSCCI  loop active ]nmnbcrs in a structure
a[l’ects  stability. l)uc  to the fact that a closed 1001)
actl~’c ]IIcI)n beI a])]) cars to tl)e strlictuw  as ZC(S)

vrl]icll  e]nulatcs  a ])assivc dalll])cr  ill the frcque IIcy
range  of U > 0 sillc.c  ZC(jw) > 0 for L] > 0 (fi~urc
9), })rcscncc  of OIIC or lnultiplc  active lncml)crs ill
a IIon-ullstaldc structure do not cause iJistal)ility  in
thcstmc.ture.  A]ld coupled with tllisist}le  fact that
the sensor and ac tua to r  o f  t}le  active  ]tlett]bcr  arc
co-located,  stability of the systmn is robust.

‘1’hc structural impcxlancc  Z,t, (s) is dctc’r]nincd  by
exciting t}le structure wit]}  the’ acl, ivc ]ne]llbcr, aIId
]Ileasurin.g  the ratios of the’ velocity across tllc active

Im
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I)ICII]IMI (0 tile force exerted by it. ‘1’he  ilnpedancc
Xc)(s) of the active IIICIIIIXV  without fcdlmck is 01)
taincd  by (!xcitillg  tlIc structure with a disturbance
source  (a slIaker) attached to tllc structure, and lllca-
suring  tlIe ratio of velocity to lhe fore.c at tllc active
111( ’1111 )(’1’.

5. IJirmt l’atlllcmgth ~kultrol

‘J’lle direct  patlllcvlgtll  colltro]  (or optical delay line
control) is dcsigllcd  to provide coarse (Inillilnctcr)
to wry fine olanonleter)  pathlcngth  colnpcnsat,ioll
ovm a wid(! frcquelicy  bandwid th .  ‘1’IIc  coarse and
fiIICI  col]llw]lsatjol~s  areprovidml  rmpcctivel,v by t h e
voice coil aIld tl]c 1’7,’11 actuators t}lat are prcscIIIt  irl
the delay line.

‘J’I)L2  arcliitcctum of’t]]is  two input  (voice coil aIId

l) X’I’) and onccmtput  (~)atl~lcligtl])collt]ol  systmllis
silow]l i]{ flp;urc 10. lJsQ of a similar  alchitcctulc  ill
l)atfllc,llp;tli  c{~lltrol c’xl)c’lilllclltsl  lasl~cc’1~ re~mrtcdil}
JcIfc’rcIlcm  [2 ,3 ,10] .  6’1(s)  and 6’2(s)  are the trans-
fer ful~ctiol)s  respm.tivc]y fro]])  I’X’ll  and voice coil to
the pathlength,  and h’](s) and 1{2(s) am t h e  com-
l)cIIIsators  rc)s~)ectivcdy  :for tllc I’Z’]’  and tllc voice coil
actuators. Note  that  the out])ut  of the ]’~’j’  COll-

Lr{)llc:r  (l(l(s))  dlivosl)(otll tlic’l’Zrl’actllatolall(l  tltc
voice coil controller (A’2(s)). ‘1’}Ie  ol)e]l  loop tralmfcr
function  for the syste]n with the given architecture
is

1/=. h’l(G~+ A’2G~) (1!)

‘1’lIc objective is to dmigu the two coln~)c1Lsato15
l(l(s) and IiZ(s)  s u c h  that the c.loscd 1001) syst(’11)
isstablcwit]l  adequate gain and j~llasclllargi]ls,altfl
tllc total  1001)  gain [I,(jw)l  i s  large over tile largcs{
acllicwahlc  hanclwidtl] since the disturbance rcjcctio]l
is pm}]ortional  to 11,1 wrlleII l], ] is large.  ‘1’ho follo\v-
illg l)ro])c’rlies  are observcId  from equation  (1):

1, % lilli’2G2 whcm 1(’2G2>>  1 (12)

1/% li’lG~ WIICIII  li2(J2< 1 (13)
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l’igurc 11: lloclc})lotc  )fo~)tical  c.olltro]

At low frequency wllcrc  the voice coil loop gain

i s  large,  t}lc  tc]tal  l o o p  g;aill  is equal to tlIc prod-

1](’~  Of thC voi CC Coil ]OOJJ  a]ld t]l(’  ]’~,’]’  Co]]]])C’]lS~tOI’

Sail]s< At high frequency, the tc)tal loop gain ap-
l)roacllcs  the ])X’J’ 100]) gail~ as t}]r voice coil l o o p
g;aill  approachm  zero. A s  a rmult, at low frequell-
cicswrll  Q1etllcl )atl~lcligtll variatiol~ is]lor]llally  large,
!Ilc kmicc coil forward  loo~) (1<2(s)6’2[s))  I)cing  doln -
inallt ~)rcvcllts  tlIcI  lilnited stroke  leII~;tl)  I’Z’]’  ac-
tliator froln saturatio]i. A t  hig]l frwlucncies whc!rc
tllcpathlculgth  vaIiatiollis  slllallcl,tll  c’1’Z’J’fc)rwarcl
l o o p  (l{l(s)Gl(s))is  clollli]la]it  and rclicws  tlleli]n-
ild fmqucllcy bandwidth  voice coil. IIodc’s classi-
c a l  control design metl[ods  []1] arc! u sed  to dcsigll
colll~wllsat,ors  A-l(s) and 11”2(s) t o  sllalw ihc 0])L2]I

l o o p  system i n  tlic frcquel~cy dol~~aill. ‘1’his design
Jllethoclcdogy,  ut~]ike m o d e . m  control  desigll jneth-
ods, does IIot require an ex])lic.it  j)ara]netric  II IOdCl
of tllc plant  but rather uses the mrasured  frcqucllcy
rcsl)o]lsc functions to sylltllmizc tllc colllpellsators.
With the classical tccllnique,  the snloo(h  I)lclldj]lg
of tile two corltrollcrs havi]lg  autlloritim  at two dif-
ferent frequency rallgmis  sim})ler  Ihall it would he,
if possible’, with ]noderl)  control  (lcsip,ll  II)ctl]odol-
Ogy. C1ontrcJlcrs  a r c  designed ollc 100}) al a tilne.



‘J’)I(;  ‘vojcc coil crmtrollm js dosiglIcxl  to stabilize tllct
SYStCIn assuming that it is driven by tllc pathlmlpjh
lncasurcmcv)t,  and the the 1’7J’I’  actuator is discoll  -
IIwted.  ‘J’he ccmtro]lcr  is an W orclcr filter includ -
illp;  a 2]Id ordor lead filter to provide aclcquatc I)lIaSC

margin  at the cross-over fmqumcy  (approx.  35 IIz)
f o l l o w e d  by SCVCII  ~Ild  oulmnotch  filtC1’S  (-~ d]]) 10
l)rol’idc additional gait) marf;in over 7 local nlcJdw
at tllc IIig}i frcqucllcics.

‘J’llc coIItrollcv for t]lc I’Z2’ consists of a first order
lag filter and a semld order low pass filter. ‘J’]](I
lag filter l)rovidm a IIigh gain at low frcqumlcy fo]
good disturl)a]lcc  rcjwtion and the low’ -])ass f i l t e r
])rovi(lcw at IIip;ll  frquc]]cy  a -20 dll/dm steep p;aill
roll ofi’ with all adequate ])hasc margin  fc)r stable
co]ltrol  stlllctllrcilltcractiolls,  ‘J’llcl’ZqlcolltlolloolJ
I)ajlclwidt]i  is limited  to approximatc]y  500 llz duc
to hi.gtl frequency IIoisc! and di~ital il[l~)lc:lllclltatif)ll
delay. ‘.I’IIc  IIcdcp loi of the optical  ccmtrol]oop  gain
is SIIOWJI  ill figure 11.

IIotll colItrol  laws arc rliscretjzed using l )o le -ze ro
IIlapl)ing  with zero padding.  I’l Ic efl’cc.ts of tilnc dcl-
l a y s  dur to the computm  il~l~~lclllclltatic)ll  a]ld t]lc
mm order hole] arc incorporated ill dctcrlninillg  the
actual  phase  IIiargill. ‘J1’hQ  low bandwidth voice coil
co]ltrollcr  and t h e  hig]l banclwjdt]l }]2,’1’  controller
are im})lcuncmtccl  at 2000 IIz and 10000 llz respcc-
tivc]y.

6, l;xperimcnt.—

‘I’llcl’Zrl’  cc) Iltlollel  }(1 and thcvoicccoi]  controller
Kz arc iln]dcnlclltcd  r e s p e c t i v e l y  ill V31)/501vlllz
a]ld V’311J/20Mll  Y, si]lglc  board  co]nputers  (Sll(~)
wit]l  a Vhfll’;  b u s  interface. A  third  V30/25Mllz
si]~g]c  board  conll)utc~r  is  e]nployccl  t o  syncllrollizc
tlIc co]ltrol activity aIId stow thcI time  data forlatcr
analysis .  All  p]cgrams  are written in C la]lgua~~c
and u~ilizc  VxWorks  routines for timing tllc co]]tro]
loops.

A ‘J’clitmnix  2630 network a.na]yzcr  is used to do
rive alll the frcyucllcy  res~)onsc  functions (1’1/1’). ~1
colnl)illatioll of band  lilmitcd  white noise a]ld sillc
swept illl)uts arc used to gcl[eratc  the 11’R1’s  with
hig]l cohmcmce  levels, ‘J’hc l’ZrJ’  actuator  to tlic
pat}llcllgt]l  11’1{11’  is fairlly  unaffcct,ed  by the flc.xil)il-
ity of tll~ structure because the massof  tllc l)ri][lary
mirror on the ]’Z’]’ actuator is sma]] and t]le ]’Z’J’
actuator is reactio]i  co[npcnsatcd,  ~’lIc col IlpcI]Isii  -
tio]l is achicvcd by insta]li]lg a]lother  l)X’]’ actuatol

. . . . . . . . . . ,.-
J,

FREQUENCY (Hz)

(I 12: l)isturl)allcc  a t t e n u a t i o n  due to strll(-
a]ld optical colltrc)l

reacti]lg  equally i~l the opposite dircc.tioll  of tllc co]l -
trol I’Z’]’ actuator. }Iowwvcr  a s]nall flexible local
lnodc is prescllt at shout 700” IIz. ‘I1l IC J)llasc of tllc:
1’111~ l]as a Slol)c of -70 ~ls, while tllc ]nag]lituclc  is
relatively consta]lt.  ‘1’his delay is found tolw caused
lnainly hy tltc ti]ne delay of tile data tra]lsfcv frol]]
thc]asm ]I]ctric systenl to the a]lalyzcr.

‘1’he voic.c coil to the pathlmg$h  1~1{ 1’ (figure 4 ).wJith-
out structural control is sig]lific.anl,ly  aflcc.tcd by tllc
structural flexibility. ‘1’llcdo]ninallt peak at 0.7 lIT,
(not  shown ill tllefigllrc’) jsclu[’  totl]cflcxllrc’  t}iat
at taches t}]o trolley to LIIC truss. All otllcr  ]~eaks
in the 11’RII’  correspond  to structural  IIICXICW of tllc
truss. At 8011zt}lcl)llasccllo~)s  ral)idly  wllilc  nlodal
dc]lsityallrl  pla]lt ullccrtai]it~ illclc!as(’sc  c)]lsi(lc’ra}Jly,
‘1’ljis  lead us to ]ilnit  tlIc voice coil 100]) ha]idwidt]l
toafrqucwcy  lower than 80 lIz, hToticc that all the
]nodcs  hclow 80 IIz ill tile 11’RII’ arc IIc)t  c o - l o c a t e d .
((~o-locatcxl  nlodcs arc indicated by alternating 1)010s
and zeros, ) ‘J’hcsc liollcolocatcd ]Ilodcs scwrcly  li]n -
its tlie l~alldwidth  of tllc voice cc)il controller wllicll,
along with the 1 )7 ) ’1’ colltrollcr,  is unable to ll]aijl-
taill  the pathlc]lgt]l  witllill  tile prmcritxx] variation.
As lllclltiorLed  bcforc4  passivca]lc] 4 active dalnl)crs
alc dcp]oycd  to damp out these IIollco]ocatecl  modes
slid a voice coil contrc~]ler  with large l)a]ldwidtll and
adequate stability lnargi]l  is dcsig]lcd.

‘I’hc first experimmlt  is carried out todetcrlni]le  tile
disturballcc  tralls]]lissio]l  t o  t he  IJathlength  fron) a.
disturbance shaker attached at t}lc ]nid bay area of
III(I  vertical columII part of the truss, ‘J’lIc  das]lml
line in figure 12 illustrates tllc disturba]lce  tra]ls-
]Ilission  function fro]n the shaker  to illc ])atlllc]lgth
when JIO structural control (]10 darnl)i]lg  auglnc’nta  -
tion)  ti]ld 110 direct  pat]ilcngth  co]ltro]  arc ])rcsQIIt.
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llig,UrtI  13: ol)tical  Ij<il ill{oll~l  II variatio]l due to rcs-
ollallt l’xcitatic)l}  (7.311z)

OIIC call vcly easily see tllc very l ight ly cla]ll])wl
stI’uc’~u1’~1  I“osollallccs ill 1,]1{’ })~th]C’Ilf2;th OUl,])U~,  ‘1’] ICI

solid lillc  ill tile jig; urc is the transmission fullctioli
whc]i  both structural and direct  ImthlcIngth  contro]s
arc deployed. ‘1’he  distu] bancc  rejection is very dra-
matic  raligillg frc)lil  -8 C~d11 at the low frcquc!llcies  to
-30 d]] fil 100 IIz. ‘J’llc ‘barldwidth  oftlie  controller is
cxl)cli[ll(’lltally  dctcmnillcd to bc approxilnatdy  500
llz. IIowcvm,  as cxpectcd,  in this rwgioll the distur-
)mIlce attcnuatio~l  isvcry low.

‘J’wo additio][al  closed loop expcrilnmts  are carried
out t]lc first, C)JICI i s  to rwjcct  t h e  arnbicllt labora-
tory  disturbances  aIId t}Ic sccolld one is to re jec t  a
forwd  rcsollant  c]isturl)allcc!  (at  7.3 IIz) induced l)y
tlIc disturhancw  shaker,  in  both mpc’riments,  after
rcc.ordillgopcn  loo~) l)atl~lcngth histories forflvc  scc-
C)lldS  t]l(’ COIltl’0]  ] 0 0 ] ) S  iiITC]OS(X] ~lld thC?C.]OSCd k)O])

l)atlllcllgtl] IIistoricw are recorded for additio~lal  five
Scc.oll  d s , ‘1’hc opc.n  loop pathlengtJl  variation duc
to the laboratory alnl)imlt  disturbance }las km rc-
duccxl  lJo611a11011] cter]11]sf10~ll  fl.3111icroI]lctc>r1111s
a disturlmncc  rwjcction  of -47 dll, A spcc.tral  al)alysis
of tlIcI open loop and tllc closed loop data indicatw
that the acllimxl bandwidth is approximately 450
IIz and a large part of the closed  loop lmthlmlgtll
error is due to the IIoisc at frequencies bcyo]ld tllc
controller Lalldwidt}l. l’igure  13 illustrates thv tlio
I’csollallt  l’CS~)OIISQ c’xpmiment. “J’hc first five Sccol)d
of the rcspo]]so  is clearly do~nirlatcd  by the 7.3 11x
rmc)nallt  disturbatlcc  input  to the structure.  ‘~’l IcI

closed loo]) rmpollse  is dow]i to 8.5 nallomoter  frolll
.5.6 IIlicrollletcr  a rejection of -57 d]),

~._ .(: IDIICI  llsioll

We have successfully dmigned  and implcll]e]ltcd an

optical pathlm@h  col)trol  systc’in 011 the J]’], l)hase
1] flexible tmtbed  for future space optical i~ltcrfer-
olnetry.  ‘1’he  control dcsi,gns  have! bemI carried out
in the classical frequency do]naill  by directly sha~)-
illg the measurcci  ill~)ut outl)ut  relations, ‘1’hc struc.-
tula]  control which enhances  the structural dalnpillg
IIasc]lal)lcd  thchig;h  balldwriclth  l)atlllcngt}i  control
for the ilnprovcd  performance. III order to increase
the c.ompcllsatioll  ra]lgc over a large l)andwidth,  a
sllloc)th  hallds)laki~lg  cjf two colltrollms having  au-
thorities  at two difrwwllt  frequency  ra]lges has lmw
cfkted. l’;xpcrilaents lIavc lWCVI  carried out to de-
tmltlillc the disturbance translnissjoll  function and
tlleeflc!ctive rejc:ctioll  oft}lelal~oratc)  ryalllt~icllt and
illduccd  rcsona]lt  disturhallccs. ‘1’1111  rmults  so far
has confirlncd  that a  nallomctcr  lcve]  cq)tical  path-
lcIIgth co]itrol jsfcasil)lci]i  space. It should lxlneII-

tjollcd ]Icre that tile issue of ol)tical  wave front tilt
col~troIllasIlotbcclJ  addrmsed  yet and is ]Iowat,opic
of research at J]’],.
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IIlcllt.

1.

2,

3,

4,

g. Rof[’r’cng(w

l,askill,  R.A. a]ld S a n  Marlin, A . ,  “C;olI-

t rol /Structure Systcln lk@l c}f a Slmcchorllc
optical llltc:rfcrol~let[:r,”  AA S/AIAA  Astrody  -
IIalnics Spcc.ialist ~ollfmmce, 1989.

O’Neal, M.~. and Spallos,J  .rJ1,,’’()])tical  l)ath-
]cugtll  ~;ontrolil~  tlleNal\oInctcr  llc~ilneoll  the
J]’], l)hasc  11 lntcrferolnct(!r  ‘J’esthc  d,)’ S1’11~ ln-
tcrnatiollal  SylnJ)osium  olI O p t i c a l  tll)~)lied  Sci-
elic.c ant] II;ltgiliccrillg,  1991.

Spallos, J.’l’. and Ralilnan,  7,., “Ol)tical  l)at}l-
hgth ~o]ltro]oa  tllc J} ’1, ]’]IW’]] ]l\tcrfmoln-
cter ‘Jkstbed, ” roth NASA/  l)ol) t;Sl  ‘I’QCh UC)k)~J’

~;ollfercllce,  1992,

Rahman,  Z., Spanos,  J. and l~allson,  J., “ltxl)(!r-
il[~cllts  on Active Ol)tica]  a]ld Structural CjoII-



*

.5

6

7<

8.

9.

10.

11.

12.

,,.
t Ii] ,“ 31st III; II;I; CoIIfcrmIce  011 I)ccisioIl aTId
Colltml,  1992

l;lclrcd,  1).1!. and O ’ N e a l ,  h4.C., “rJ1hc  J]’],
l’llase 11 ‘Jkstlwd l{’ac.ility,”  AI)l’A Active hfatc’-
rlds aIId Adaptive Structures Sym]msiuli]  and
];xhibition,  1991.

(;IIu, (.:.~.,  l’ansc)]l  J.],., Millnall, h~.11.
a]ld l;ldrc’d, 1).11., “Opti]]lal  A c t i v e  h4e]nl)rr

and ]’assive  h4c1nbcJr  l’lacmnmt  al~d ‘l’u~ling,)’
4th NASA/  l)ol  J (“o]) t]c)l/St IIlctIiIcs  IIlteractioll
‘J’[’cll  Collfelmlcc,  1990.

(1’]lriell,  J , ,  “l)iscussion  and ]’;x])criillen-
tal l{esu]ts  of 1 ntc!gra]  11’orce l’cedback  f o r
St~uctural  l)aln])ill~,” IIltcroflicc lnmnola)IdlllI)
#/354 :{)2:O19:Joll., J})],, 1992.

l’allso]l,  J . ] , . ,  CIIIU,  C.(;. and ],uric,  1]. J.,
“l)aln])illgalld  Structural (;ollt,rol of J1’1,1’llasc:
o ‘1’c’stlx’d Stluctulw,” l’irst  Joint  11. S./Japan
(~ollfclcllcc  011 Acla~)tive  Structures, 1990.

~hclI,  G- S., and l,uric,  11., “l{ridgc lkcdl jack for
Active l)a~npillg,  A~lg~llcl~tatioll,”  AlAA Jour])al
of Guida  Ilc.c and (;o]ltrol,  ‘J’o appear,

(kdavita,  h4.h4., “1’rototyl)c  IIigll Speed ()])tical
lkday  IJillc  for Stellar  llltcrfc~lolllctry,”  S1’11’;  111-

ICrllatiolla]  S~lll])OSjlllIl  0 1 1  ~J)tica]  A])])licd Sci-
eIIc.c and l;llgillcwring,  1991.

]k)dc,  11 .M7., N e t w o r k  Analysis  and l’ecdback
Aln]dificr  l)esign,  VaII Nostrand, NY, 1915,

M’ilso]l,  J.lll,  altd l;lavis,  1,,1’,,  “Viscous l)alll])cd
Space Structure  {or Rwluccd Jitter,” 58t,11 SIIock
slid Vihratioll  Sylll])osiuln, 1987,


